Abstract. 3D anatomical feature curves (AFC) on bone models reconstructed from CT/MRI images are important in some fields, such as preoperative planning, intra-operative navigation, patient-specific prosthesis design, etc. Interactive extraction of feature curves on patient-specific bone models is time-consuming, has low repeatability and accuracy. This paper presents a computer graphics method to automatically extract AFC from 3D hip bone models reconstructed from CT images. A DCSS (direct curvature scale space)-based technique is firstly used to extract anatomical feature points (AFP) in every contour, using anatomical structure information as prior knowledge so that AFP are extracted and only extracted. Then, corresponding AFP are linked in different contours and AFC is generated. AFC obtained by our method were compared with those interactively extracted by three surgeons, which showed that our method is feasible (Dice coefficient: 0.94; Average symmetric surface distance: 3.97 mm). The method was also applied to identify anatomical landmarks, which showed that our method is superior to the curvature-based methods that fail to identify landmark regions or have too many redundant regions, which results in failures to subsequently label landmark regions using pre-defined spatial adjacency matrices.
Introduction
Anatomical landmarks are distinct places of organ/tissues [1] [2] [3] . They are usually used as position references in many applications, such as preoperative planning, virtual surgical operation, intraoperative navigation, patient-specific prosthesis design, etc. Automatically recognizing anatomical landmarks is an urgent task in the digital surgery field [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Most of anatomical landmarks are extremely curved regions, curves or points in geometry [1] [2] [3] 12 ] (see Figure 1) . If some anatomical landmarks that aren't extremely curve regions exist, they can usually be localized using some extreme curvature [12] . As a matter of fact, surgeons always palpate anatomical landmarks by means of extreme curves [1, 12] . As a result, extremely curved regions are very useful means to find anatomical landmarks and are usually called anatomical feature curves (AFC). In designs, such as prosthesis design and orthopedics design, feature curves are probably more useful than region landmarks and point landmarks because the curve net structure of a shape is an important tool for surface editing [13] [14] [15] . Furthermore, AFC of known individuals are also used to segment CT images or construct statistical models [2, 16, 17] . AFC are extremely curved regions that are also called ridge-valley lines, crest lines or feature curves in computer graphics [18] [19] [20] . Automatically or semi-automatically extracting them from discrete data, such as bone surface data reconstructed from CT images, is a challenging task, because of noises and sampling errors [18] [19] [20] [21] . The task of the present work is to automatically extract AFC of hip bones using a computer graphics technique (DCSS-direct curvature scale space) [22, 23] and the anatomical structure of the hip bone as prior knowledge. To the best of our knowledge, there are seldom papers that incorporate shape prior information in the process of extracting feature curves.
It is kind of typical for feature extraction methods to separate extreme curvature points/curves from surfaces using classical geometrical variables, such as normal vectors, dihedral angles, curvatures, distances [18] [19] [20] [24] [25] [26] [27] [28] [29] , etc. Such methods have been used to locate anatomical landmarks such as the ones on the distal femur and on the proximal tibia [1] , lumbar dimples [30] , ridge-valley lines on brains [31] , etc. Two main disadvantages of these methods are: (i) sensitivity to noise because the geometrical variables are evaluated according to the local patches of corresponding points; (ii) the extremely curved regions extracted depend on several parameter choices, for example, the curvature (or angle, distance) threshold that is necessary.
There are also methods to extract AFC using the active contour model [32] . Such methods need many given landmarks. The active contour model only links those landmarks along extreme-curvature paths. Furthermore, such methods aren't able to locate individual anatomical landmarks. The atlas method [3, 33] is also used to extract anatomical landmarks. Disadvantages of this method are: (i) the atlas has to be given beforehand; (ii) when the atlas is corrected after it is mapped to a new surface, geometrical variables of the new surface still have to be evaluated.
Compared with existing methods, the main contributions of this work are: (i) converting the problem of extracting 3D feature curves of surfaces into the problem of recognizing corners (extreme Fig. 2 . Process to extract anatomical feature curves. Obtain Contours: represent 3D model as section contours; Group Contours: divide contours into several groups according to fork-like positions that can be regarded as a kind of prior knowledge; Investigate Corners: investigate whether corner distributions are in agreement to the given anatomical structure that is also prior knowledge; Track Corners: track corners in DCSS to obtain their position before contour smoothness; Match Corners: find corresponding corners between every pair of adjacent section contours. Feature Curves: Link corresponding corners to generate feature curves. curvature points) of planar curves, which makes the feature curve extraction process able to incorporate shape prior knowledge; (ii) there is no need for users to choose parameter values in the extraction process; (iii) our method has excellent anti-noise performance because of multi-scale smooth techniques. Note that most bone surfaces reconstructed from CT images have high noises. The feature curve extraction process in this paper is shown in Figure 2 .
Materials and methods

Data collection
We have collected 30 hip joints in-vivo CT data of adults with normal development, 15 sets respectively for men and women. These data-sets were accumulated between 2012 and 2014 at Nanjing Jinling Hospital. The CT data-sets had been scanned by the Siemens dual-source CT machine. The number of slices of per data set ranged from 85 to 237. The resolution of every slice image was 512×512. Slice spacing ranged from 1.0~2.5 mm and pixel spacing from 0.55~0.85 mm. The scanning coordinate system was the anatomical coordinate system, as shown in Figure 3 .
In order to obtain the contours of the hip bone, the valley-Bayes (V-B) detector [34] was used to segment hip bones in CT images. For cases where the femur head and the acetabulum adhere to each other and cases in which there are holes in the acetabulum surface, a special separation method [35] was applied. Figure 4 illustrates the process to obtain the contours of hip bones. 
Contour grouping
See Figures 1 and 4(d) . Investigate the hip bone from the top to the bottom. The section contours can be divided into several groups. Contours in the same group have a similar shape and anatomical structure.
Outer fork-like position
In order to construct such groups, firstly the concept of the fork-like position for section contours is given. Assuming that there is a slice pair (S k-1 , S k ), there are respectively s contours and t contours in S k-1 and S k . As far as the hip bone is concerned, s≤2 and t≤2. Without loss of generality, considering that s=1 t=2. Therefore, there are two contours C k,1 and C k,2 in S k and the corresponding regions (limited by these limits) are denoted as R k,1 and R k,2 . If R k,1 ∩R k,2 =Ф, the slice pair (S k-1 , S k ) is called an outer fork-like position. There are 4 outer fork-like positions for the contours of the hip bone, as shown in Figure 5 . According to these outer fork-like positions, section contours can be divided into several groups, as shown in Figures 6 and 7 . 
Inner fork-like position
In the G 3 shown in Figure 6 , there is a pair of slices in which the shapes of the contours of the hip bone have a distinct difference: the contour of the acetabulum changes from an inner contour to a part of the outer contour, as shown in Figure 8 . The pair of slices is called an inner fork-like position in this paper. The two contours can't use the same anatomical structure because of the shape difference in the inner fork-like position. Consequently, the group should be divided into two groups in the inner forklike position.
Note that only outer contours are extracted by the method in sub-section 2.1 (see Figure 4 ). That is, there is no inner contour information that can be used when we divide G 3 into two groups. In order to automatically recognize the inner fork-like position, the area of every region limited by these contours is computed. The relation curve between areas and slice serial numbers is obtained as shown in Figure  8 (c). If there is a maximum area leap between an adjacent slice pair (S k-1 , S k ), the slice pair is an inner fork-like position. Figure 9 gives a new group relation.
DCSS construction
Curve gauss smooth
Assuming that C{p 0 ,…, p n } is a contour, where p n+i = p i (i=0,1,….,n), it can be smoothed using the following equation: Table 1 that is a discrete format of the Gaussian kernel: Table 1 Gauss smooth window (σ=1.0) 
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The weights in Table 1 are obtained under scale σ=1.0. Other weight tables can be also obtained using other scales. For a fixed smooth window, the larger the parameter t is, the smoother the contour C t is. Figure 10 gives an example of how the contour C t evolves when the parameter t increases.
DCSS
DCSS was presented by Zhong, et al. [23] and used to recognize corners (curvature extreme point) in contours. See Figure 11 , a DCSS consists of curves, one of which is a track curve of a corner under a different contour C t (t = 0,1,…). That is, a point (s,t) in a DCSS curve means that the s-th point is a corner for the contour C t . To extract corners using DCSS two parameters must be chosen: (1) smooth step number t, that is, under what curve smooth degree corners should be extracted; (2) magnitude of curvature absolute value, that is, how large the curvature of a point should be when it is regarded as a corner. Since our method takes in account anatomical properties of contours as prior knowledge, extracted corners in this work don't depend on such parameter choices.
Anatomical structure reveal in DCSS
A coordinate image system is used to distinguish the inner side and the outer side of hip bones, as shown in Figure 12 . According to the orientation of the pelvis in the CT images, the left/right side is also defined. • Group 1(G 1 ): There are two distinct convex corners and a large concave region (see Figures 1 and  13 ). The two convex corners are fringe points of the anterior side and the posterior side of the hip bone, see blue square in Figures 13(b) and 13(d) . The large concave region is the fossa iliaca (see Figures 1  and 13(d) ). Except for the two distinct convex corners, there is also a demarcation line between the fossa iliaca and the auricular surface. It is in the inner side of the hip bone.
Investigate contours from top to bottom. The intersection point between the demarcation line and the slice plane gradually appears. It is a convex point on the hip surface. Sequentially, the convex point evolves into two convex points: one for the arcuate line and one for the boundary of the auricular surface. Therefore, anatomical properties of Group 1 in the DCSS are two convex points in the two ends of the hip bone, which are respectively the two most convex points. There is another 1~2 distinct convex and a concave point on the inner side of hip bone, see Figure 13 . From top to bottom, the number of convex points in the hip's inner side gradually increases.
• Group 2.1(G 2,1 ) and Group 2.2(G 2,2 ): The shapes and relative positions of the contours in the two groups are shown in Figure 7 . Anatomical properties of Group 2.1 in the DCSS are the greater sciatic notch and the arcuate line; and the hip fringe around the anterior inferior iliac spine. The first two are the two principal corners. Anatomical properties of Group 2.2 in the DCSS are the hip fringe around the posterior inferior iliac spine and the greater sciatic notch. The two points are the two principal corners, as shown in Figure 14 .
• Group 3A(G 3,A ) and Group 3B(G 3,B ): There are 2~3 convex points in Group 3A: the hip fringe around the anterior inferior iliac spine (probably), the arcuate line/ pecten pubis and the greater sciatic notch, as shown in Figures 15(b) and 15(d) . The difficulty of only using DCSS to recognize the 3 anatomical feature points is that the first point doesn't necessarily exist. This problem can be solved by the fact that the two main feature points are on the fringe of the hip bone, while another feature point is on the inner side of the hip bone. From Figure 15 (b), it can be also said that the intensity of the hip fringe around the anterior inferior iliac spine is weak. Indeed, it will become weaker until it disappears in the subsequent slices (see Figure 16 ). In Group 3B, there are generally 4 main convex points (see Figure 16 ): the pecten pubis, hip fringe around the greater/lesser sciatic notch, and two points in the acetabulum fringe However, there are other feature points, as the hip fringe around the anterior inferior iliac spine (see Figure 16 ). In order to simplify our discussion, we neglect such minor feature points even though it is not a difficult task to find these feature points according to the END type corner principle [23] (see Figures 16(a) and 16(b) ).
• Group 4.1 (G 4,1 ) and Group 4.2 (G 4,2 ): Shapes and relative positions of the contour in the 2 groups are shown in Figure 17 . There are 2~3 main convex points in the Group 4.1: one for the obturator foramen and the other 1~2 for the boundaries of the pubic symphysis surface. In the Group 4.2, there are 2~3 lasting feature points. One is the obturator foramen and another is the lesser sciatic notch (or a boundary of the ischial tuberosity surface). If there is another convex last point, it is a fringe point of the acetabulum, or another boundary of the ischial tuberosity surface. When the fringe point of the acetabulum disappears, another feature point-a boundary of the ischial tuberosity surface-becomes stronger. It is not difficult to distinguish such feature points according to their positions in the contours.
• Group 5(G 5 ): the corner distribution is the simplest in the group with only 2 main corners in the contours. They are feature points of the ischial ramus. Table 2 Anatomical feature point number in every contour From the above analysis, it can be said that the role of the corner number is equivalent to the role of the curvature thresholds in [23] . In this paper, the anatomical structure is used to show the corner number in every contour. Table 2 shows the corner number in every contour.
Corner link
In sub-section 2.3.3, all anatomical feature points have been obtained and labeled in every contour: fringe points of the hip bone, points in the demarcation line between the fossa iliaca and the auricular surface, fringe points of the acetabulum, arcuate line/pecten pubis, obturator foramen and boundaries of the pubic symphysis surface. These feature points with same labels in every two adjacent slices are linked. After that, anatomical feature curves appear.
Due to data noise and sampling errors, these feature curves aren't smooth, which means they are zig-zag curves. This is a common drawback in feature curve extractions [28, 29] . We use the method in [29] to smooth these zig-zag curves. Figure 18 shows comparisons between zig-zag curves and smooth curves. 
Experiments and analysis
Our algorithm is implemented using Matlab (version 2007) in a PC with two 1.8 G CPU and 2.0 G RAM. The extracted feature curves are rendered in a software tool developed using VC++2008.
Smooth step number
The smooth step number is the key factor for the time-consuming character of the algorithm. Since every normal hip bone has a similar shape, a normal adult hip bone is used to determine the smooth step number. CT image parameters of the hip bone are listed in Table 3 . The smooth step numbers for each group are listed in Table 4 . The table shows that the feature recognizing technique in this paper only needs small smooth step numbers, which means our algorithm is less time-consuming. It should be noted that a similar CSS technique needs a certain smooth step number so that concave regions disappear [22] . Unlike the technique that uses DCSS to extract corners, which needs given smooth step numbers and curvature thresholds, our method doesn't depend on any manual parameter choices. Table 3 CT parameters of the used hip bone Slice Number Image Size(pixel) Slice Spacing(mm) Pixel Spacing(mm) 215 512×512 0.6777 1.0 Table 4 Smooth step number statistics In order to evaluate the accuracy of extracted feature curves (denoted by set A), we invited three surgeons to interactively construct AFC. The average position is used as a reference standard (denoted by set B). Firstly, we re-sampled the reference curve and extracted feature curves with a pixel spacing in Table 3 . In all later discussions, re-sampled curves were used. In order to make convenient and accurate comparisons, a basic concept is used: the counterpart point. Let S(A) denote the points of A. where d T is a given parameter, set as 5.0 mm, that is about a measure error upper limit [1] , s A and s B are counterpart points of each other. Feature curves extracted by our algorithm are compared with the reference standard in the following aspects:
Accuracy evaluation
• Dice coefficient: The Dice coefficient between two sets of pixel A and B is defined as:
DC(S(A),S(B)) = 2(S(A)∩S(B))/(S(A)+S(B))
where if s A (S(A)∩S(B)), s A has a counterpart point s B and s B has also its counterpart point s A . The Dice coefficient is 1 for a perfect AFC set and 0 if extracted curves and the reference do not overlap at all.
• Average symmetric surface distance (ASD): The shortest distance of a point v to S(A) is defined as:
The metric represents these distances' average measure, which is 0 for a perfect extraction: We collected 30 hip bones (see sub-section 2.1) to evaluate the accuracy of our algorithm. Figure 19 gives a comparison between feature curves delineated by surgeons and feature curves extracted in this paper. From Figure 19 , it can be seen that several feature curve parts are missed by our method. Those feature curve parts are approximately parallel to slice planes, which is a disadvantage of our method. However, there are very little curve parts. Locating anatomical landmarks isn't affected by these missed curve segments. Figure 20 gives two curve diagrams of the Dice coefficient and ASD for every case. The two diagrams show that the Dice coefficient and the ASD, respectively, range 0.92~0.96 and 3.24 mm~4.85 mm. The last one is less than the common range [1] . The two diagrams show that our method is robust for various normal adult hip bones.
Comparison with similar works
The curvature-based method is a typical method to extract feature curves of surfaces [1] Step 1: get clusters C i Ω v , {i = h, l} according to their H value (mean curvature) by given thresholds CT max and CT min . Ω v is the vertex set of the model surface represented by a triangle mesh.
Step 2: form groups G i C h , {i = 1, 2, 3} and G i C l , {i = 4, 5, 6} from corresponding clusters using K, as shown in Table 5 .
Step 3: construct triangle seed lists S i j G i , {i = 1,2, . . ., 6; j = 1,2, . . .,M}.
Step 4: get landmark regions R ijk S ij , {i=1,2, ...,6; j=1,2, ..., M; k=1,2, ..., N} by segmenting homogenous triangles in particular seed lists according to the following equation:
Step 5: filter regions out by surface area, geometric characteristics of the associated triangles and spatial location of the region, taking into consideration the required landmarks according to the spatial adjacency matrix of those landmarks.
In step 1, two given thresholds CT max and CT min are needed. In fact, as far as the hip bone is concerned, because the convex/concave region is a relative concept in the sense of palpation and vision, the threshold adjustment probably has some disadvantages: either some regions are missed or there are too many regions. Figure 21 gives a mean curvature distribution histogram for the model described in subsection 3.1. We choose CT max and CT min according to the histogram. In Figures 22(a) , it can be noted that some anatomical landmarks on the fringe of the hip bone have been linked. In this case, the spatial adjacency matrix of landmarks can be used because those landmarks should be separated before using the spatial adjacency matrix. The curvature-based method can work in reference [1] due to the following facts: (1) little slice spacing (0.67 mm) that usually can't be achieved in usual clinical CT scanning (see section 2.1). Little slice spacing results in little noises of the model surface; (2) careful parameter choices: curvature thresholds, surface areas, geometric characteristics of the associated triangles, etc. Usually, only experienced users can obtain satisfactory results by adjusting these parameters. (3) Compared with hip bones, there are less anatomical landmarks in the surface of knee bones and those anatomical landmarks can be segmented using a curvature-based method.
Application
Since anatomical landmarks are conventional landmarks (see Figure 1 ) in medical science, this section uses AFC extracted in this paper to locate anatomical landmarks. See Figure 1 and Figure 18 , there are only 7 anatomical feature curves: one through the iliac crest, the posterior superior iliac spine, the posterior inferior iliac spine, the greater sciatic notch, the ischial spine, the lesser sciatic notch, the ischial tuberosity, the ischial ramus, the tuberculum pubicum, the anterior inferior spine and the anterior superior spine; the demarcation line between the fossa iliaca and the auricular surface; the fringe of the acetabulum; the obturator foramen, the arcuate line, a boundary of the pubic tubercle and a boundary of the ischial tuberosity.
The last 6 curves are anatomical landmarks themselves. So the task is to locate anatomical landmarks using the first feature curve. For convenience, we name the curve as the fringe of the hip bone and denote it as Γ. Because a 3D curve is more complex than a 2D curve, the fringe of the hip bone is projected to the yoz plane (sagittal plane, see Figure 3(b) ). According to the anatomical structure (see Figure 1) , there are 11 main corners: the iliac crest, the posterior superior iliac spine, the posterior inferior iliac spine, the greater sciatic notch, the ischial spine, the ramus ossis ischiin, the pubic tubercle, LM1, LM2, the anterior inferior spine and the anterior superior spine. We smooth the projection contour in the yoz plane till there are 11 corners (see Figure 23 ). Therefore, these anatomical landmarks can be located.
Conclusions
Based on the DCSS corner recognizing technique in computer graphics, this paper presents a method to automatically extract AFC from hip bone surfaces that are represented by section contours parallel to the horizontal plane. In this method, the anatomical structure is used as prior knowledge when grouping section contours and when recognizing feature points in section contours.
Compared with traditional feature curve extraction methods, advantages of our method include: (i) no parameter choices; (ii) no redundant feature curves; (iii) excellent anti-noise performance. These advantages derive from two basic principles: (i) use of a multi-scale technique to recognize corners; (ii) foreknowledge of the main corners in each contour based on the anatomical structure. Applications show that the anatomical feature curves extracted by our method can be used to automatically and accurately locate conventional anatomical landmarks.
Consequently, this paper gives a novel method to accurately extract anatomical feature curves and to locate anatomical landmarks without any parameter choices for normal hip bones. In further work, we will apply this method to other organs.
